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Recent Developments of the Cascade-Exciton Model of Nuclear Reactions

StepanG. MASHNIK
�

andArnold J.SIERK

T-16,Theoretical Division,LosAlamosNationalLaboratory, LosAlamos,NM 87545,USA

Recentdevelopmentsof the Cascade-ExcitonModel (CEM) of nuclearreactionsare described. The improved
cascade-exciton model as implementedin the codeCEM97 differs from the CEM95 versionby incorporatingnew
approximationsfor theelementarycrosssectionsusedin thecascade,usingmoreprecisevaluesfor nuclearmassesand
pairingenergies,usingcorrectedsystematicsfor the level-densityparameters,andseveralotherrefinements.We have
improvedalgorithmsusedin many subroutines,decreasingthecomputingtime by up to a factorof 6 for heavy targets.
We describea numberof further improvementsandchangesto CEM97,motivatedby new dataon isotopeproduction
measuredat GSI. This leadsus to CEM2k, a new versionof theCEM code.CEM2k hasa longercascadestage,less
preequilibriumemission,andevaporationfrom morehighly excited compoundnuclei comparedto earlierversions.
CEM2k alsohasotherimprovementsandallows usto bettermodelneutron,radionuclide,andgasproductionin ATW
spallationtargets. The increasedaccuracy andpredictive power of the codeCEM2k areshown by several examples.
Furthernecessarywork is outlined.

KEYWORDS: Intranuclear cascade,preequilibrium, evaporation,and fission reactions,Monte Carlo simula-
tions,cascade-excitonmodel,particlespectra,spallationandfissioncrosssections,GSI data

I. Introduction

The designof a hybrid reactorsystemdriven with a high
currentproton acceleratorrequiresinformation aboutresid-
ual nuclidesthat are producedby high energy protonsand
secondaryneutronsinteractingin the target andin structural
materials.It is both physicallyandeconomicallyimpossible
to measureall necessarydata,which is why reliablemodels
andcodesareneeded.A modelwith a goodpredictivepower
both for the spectraof emittedparticlesandresidualnuclide
yields is theCascade-ExcitonModel (CEM) of nuclearreac-
tions.1) A moremodernversionof theCEM is implementedin
thecodeCEM95,2) which is availablefrom theNEA/OECD,
Paris. Following an increasedinterestin intermediate-energy
nucleardatainspiredby suchprojectsasAcceleratorTrans-
mutation of Wastes(ATW), AcceleratorProductionof Tri-
tium (APT), andothers,we developeda newer versionof the
cascade-excitonmodel,CEM97.3,4) CEM97hasa numberof
improvedphysicsfeaturesanddueto significantalgorithmic
improvementsis severaltimesfasterthanCEM95. It hasbeen
incorporatedinto thetransportcodesystemMCNPX.5)

RecentGSI measurementsof interactionsof
�����

Pb6,7) and�����
U8) at 1 GeV/nucleonand

�
	��
Au at 800 MeV/nucleon9)

with liquid
�
H provide a very rich set of crosssectionsfor

productionof practicallyall possibleisotopesfrom thesere-
actionsin a “pure” form, i.e., individual crosssectionsfrom
a specificgivenbombardingisotope(or target isotope,when
consideringreactionsin the usualkinematics,p + A). Such
crosssectionsare much easierto compareto modelsthan
the “camouflaged”datafrom � -spectrometrymeasurements.
Theseare often obtainedonly for a naturalcompositionof
isotopesin a targetandaremainly for cumulativeproduction,
wheremeasuredcrosssectionscontaincontributionsnot only
from directproductionof agivenisotope,but alsofrom all its
decay-chainprecursors.Analysisof thesenew datahasmoti-
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vatedusto furtherimprovetheCEM andto developa version
of a new code,CEM2k,10) still underdevelopment.

II. Results and Discussion

First, we review the basisof the CEM andthe main dif-
ferencesbetweenthe improved cascade-exciton model code
CEM973,4) and its precursor, CEM95.2) The CEM assumes
that reactionsoccur in three stages. The first stageis the
IntraNuclearCascade(INC) in which primary particlescan
bere-scatteredandproducesecondaryparticlesseveral times
prior to absorptionby or escapefrom the nucleus. The ex-
citedresidualnucleusremainingafterthecascadedetermines
theparticle-holeconfigurationthatis thestartingpoint for the
preequilibriumstageof the reaction. The subsequentrelax-
ation of the nuclearexcitation is treatedin termsof an im-
provedModifiedExcitonModel(MEM) of preequilibriumde-
cayfollowedby theequilibriumevaporativefinal stageof the
reaction.Generally, all threestagescontribute to experimen-
tally measuredoutcomes.

An important ingredientof the CEM is the criterion for
transitionfrom theintranuclearcascadeto thepreequilibrium
model. In conventionalcascade-evaporationmodels(like IS-
ABEL andBertini’s INC usedin LAHET11)) fastparticlesare
trackeddown to someminimal energy, thecutoff energy �������
(or to a cutoff time, in the “time-like” INC models,like the
LiegeINC12)) which is usuallyabout7–10MeV abovethein-
terior nuclearpotential,below which particlesareconsidered
to beabsorbed.

The CEM usesa differentcriterion to decidewhena par-
ticle is consideredto have left the cascade.An effective lo-
cal opticalabsorptive potential �����������������! #"%$ is definedfrom
the local interactioncrosssectionof the particle, including
Pauli-blockingeffects. This imaginarypotentialis compared
to onedefinedby a phenomenologicalglobal optical model�&���'����(�)'�*�+ #"%$ . We characterizethedegreeof similarity or dif-



ferenceof theseimaginarypotentialsby theparameter

,.-0/  1�����������������324�����'����(�)'�*�5$�6%���������7(�)��*� /98
When

,
increasesaboveanempiricallychosenvalue,thepar-

ticle leavesthecascade,andis thenconsideredto beanexci-
ton. Both CEM95 andCEM97 usethe fixed value

,
= 0.3.

With this value,we find thecascadestageof theCEM is gen-
erally shorterthanthatin othercascademodels.

Thetransitionfrom thepreequilibriumstageto theevapo-
rationstageoccurswhentheprobabilityof nucleartransitions
changingthe numberof excitons : with ;<: ->=@?

becomes
equalto the probability of transitionsin the oppositedirec-
tion, with ;A: - 2 ? , i.e., whentheexciton modelpredictsan
equilibrationhasbeenestablishedin thenucleus.

The improvedcascade-exciton model in the codeCEM97
differsfrom theCEM95versionby incorporatingnew approx-
imationsfor theelementarycrosssectionsusedin thecascade,
usingmoreprecisevaluesfor nuclearmassesandpairingen-
ergies, using correctedsystematicsfor the level-densitypa-
rameters,improving theapproximationfor thepion “binding
energy”, BDC , adjustingthe crosssectionsfor pion absorption
on quasi-deuteronpairsinsidea nucleus,consideringthe ef-
fectson cascadeparticlesof refractionsandreflectionsfrom
thenuclearpotential,allowing for nucleartransparency of pi-
ons,includingthePauli principlein thepreequilibriumcalcu-
lation,andimplementingsignificantrefinementsandimprove-
mentsin the algorithmsof many subroutines,decreasingthe
computingtimeby up to a factorof 6 for heavy nuclei,which
is very importantwhenperformingpracticalsimulationswith
transportcodeslike MCNPX. On the whole, this setof im-
provementsleadsto abetterdescriptionof particlespectraand
yields of residualnuclei and a betteragreementwith avail-
abledatafor avarietyof reactions.Detailsandexampleswith
someresultsmaybefoundin.3,13)

We alsomadea numberof refinementsin the calculation
of thefissionchannel,asdescribedin.4,14,15) Theoriginalver-
sion of CEM952) incorporatesa user-selectedlevel-density-
parameterformula that is appliedto all decaychannelsof an
excitednucleusexceptfor thefissionchannel.For fission,the
level-densityparameterat thesaddlepoint EGF is calculatedus-
ing ananalogousparameterfor theneutronemissionchannel,EIH andaconstantratio EGFI6%E9H whichservesasafitting param-
eterof themodel.Thustheshell-effect influenceon thelevel
densityin theneutronemissionchannelis automaticallycon-
veyedto the level densityat thesaddlepoint. But we expect
thatshell correctionsat thesaddlepoint shouldbearno rela-
tion to thoseat thegroundstate,dueto thelargesaddle-point
deformation,and the consequentdifferentmicroscopiclevel
structureneartheFermisurface.

We have performedcalculationsfor neutron-andproton-
inducedreactionson several targets,focusingon

�����
Pb and�J��	

Bi, with the parameter E F being energy-independent,
which is the sameas ignoring the ground-stateshell effect
on the level densityat the saddlepoint (see14)). An example
of thesecalculationswith the original andan improved ver-
sion of CEM asdescribedin14) is shown in Fig. 1. Thereis
a betterdescriptionof theexperimentalfissioncrosssections

Fig. 1 Comparisonbetweenthe experimentaldataandcalculations
of the crosssectionsfor the reactionsK�L�M Bi(p,f), K�L�M Bi(n,f),K�L�N Pb(p,f), and K�L�N Pb(n,f) using the original and modi-
fied versions of CEM95. The solid lines representthe
parametrizationby Prokofiev14,16) of the experimentaldata.
The short-dashedlines show the original CEM95 results
and the long-dashedlines, the resultswith a fitted energy-
independentvaluefor O3P .

in comparisonwith theoriginal version.Unfortunately, there
remainsoneempiricalparameter, Q@R (thenormalizedsurface
area),but the energy dependenceis muchbetterreproduced.
Similar improvementswereobtainedfor fissioncrosssections
inducedby intermediateenergy � and SUT on Sn,Au, Bi, and�����

U.4,15)

Besidesthis modificationof the CEM95 codeintroduced
especiallyfor abetterdescriptionof fissioncrosssections,we
havebeenfurtherimproving theCEM,3,4) striving for amodel
capableof predictingdifferentcharacteristicsof nuclearreac-
tions for arbitrary targetswith a wide rangeof incident en-
ergies. Modifications madefor a better descriptionof the
preequilibrium,evaporative, andcascadestageswill alsoaf-
fect thefissionchannel.We have incorporatedinto theCEM
theupdatedexperimentalatomicmasstablebyAudi andWap-
stra,17) thenuclearground-statemasses(wheredatadoesnot
exist), deformations,andshellcorrectionsby Möller et al.,18)

andthe pairing energy shifts from Möller, Nix, andKratz19)

into the level-densityformula. In addition,we have derived
a correctedsystematicsfor the level-densityparametersus-
ing the Ignatyukexpression,20) with coefficientsfitted to the
dataanalyzedby Iljinov etal.21) (wediscoveredthatIljinov et



al. used V3V763W X for the pairing energies ; (seeEq. (3) in4))
in deriving their level-densitysystematicsinsteadof thevalue
of V ? 6 W X statedin21) ). We alsoderivedadditionalsemiem-
pirical level-density-parametersystematicsusing the Möller
et al.18) ground-statemicroscopiccorrections,both with and
without the Möller, Nix, and Kratz19) pairing gaps,and in-
troducedinto the CEM a new empiricalrelationto take into
accounttheexcitation-energy dependenceof theground-state
shellcorrectionin thecalculationof fissionbarriers(see4)).

As mentionedin the Introduction,analysisof the recent
GSI measurements6–9) has motivatedus to further improve
the CEM. The authorsof the GSI measurementsperformed
a comparisonof their data to several codes,including LA-
HET,11) YIELDX, 23) ISABLA (ISABEL INC codefrom LA-
HET followedby ABLA 24) evaporationcode),CASCADO,25)

and the Liege INC by Cugnon,12) and encounteredserious
problems;noneof thesecodeswere able to accuratelyde-
scribeall their measurements.Most of the calculateddistri-
butionsof isotopesproducedasa function of neutronnum-
ber were shifted toward larger massesas comparedto the
data.While in somedisagreementwith themeasurements,the
LiegeINC andtheCASCADOcodesprovide a betteragree-
mentwith thedatathanLAHET, ISABLA, andYIELDX do.
Being awareof this situationwith the GSI data,we decided
to considerthem ourselves, leading to the developmentof
CEM2k.

First,we calculatedthe
�J���

PbGSI reaction6) with thestan-
dardversionsof CEM95 andCEM97anddetermined10) that
though CEM95 describesquite well productionof several
heavy isotopesnearthetarget(we calculatep +

�����
Pb; there-

fore
�����

Pb is a target, not a projectile as in the GSI mea-
surements),it doesnot reproducecorrectlythecrosssections
for lighter isotopesin the deepspallationregion. The dis-
agreementincreaseswith increasingdistancefrom thetarget,
andall calculatedcurvesareshiftedto theheavy-massdirec-
tion, just as was obtainedby the authorsof the GSI mea-
surements.The resultsof the CEM97 codearevery similar
to thoseof CEM95 (seea figure with CEM97 resultsin26)).
Later on, we performedan extensive set of calculationsof
thesamedatawith severalmorecodes(HETC,27) LAHET11)

with bothISABEL andBertini options,CASCADE,28) CAS-
CADE/INPE,29) INUCL,30) and YIELDX 23)) and got very
similar results:26) all codesdisagreewith thedatain thedeep
spallationregion, the disagreementincreasesas one moves
away from the target,andall calculatedcurvesareshiftedin
theheavy-massdirection.

This meansthat for a given final element(Z), all models
predictemissionof too few neutrons. Most of the neutrons
areemittedat thefinal (evaporation)stageof a reaction.One
way to increasethe numberof emittedneutronswould be to
increasethe evaporative part of a reaction. In the CEM, this
mightbedonein two differentways:thefirst wouldbeto have
a shorterpreequilibriumstage,sothatmoreexcitationenergy
remainsavailable for the following evaporation;the second
would beto havea longercascadestage,sothatafterthecas-
cade,lessexciton energy is available for the preequilibrium
stage,sofewerenergeticpreequilibriumparticlesareemitted,
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Fig. 2 Mass distributions for independentproduction of Tm, Ir,
and Tl isotopesfrom 1 GeV protonscolliding with K�L�N Pb.
Stars are GSI measurements,6) while squaresshow ITEP
data.31) Thecalculationsareidentifiedas: CEM2k—ourre-
sults, CEM95—Ref.,2) LAHET-ISABEL—Ref.,11) LAHET-
Bertini—Ref.,11) CASCADE/INPE—Ref.,29) CASCADE—
Ref.,28) INUCL—Ref.,30) andYIELDX—Ref.23)

leaving moreexcitationenergy for theevaporativestage.
Oneeasyway to shortenthepreequilibriumstageof a re-

actionin CEM is to arbitrarily allow only transitionsthat in-
creasethenumberof excitons, ;<: -.=@?

, i.e., only allow the
evolution of a nucleustoward thecompoundnucleus.In this
case,the time of the equilibrationwill be shorterand fewer
preequilibriumparticleswill be emitted,leaving more exci-
tation energy for the evaporation.Suchan approachis used
by someotherexcitonmodels,for instance,by theMultistage
PreequilibriumModel (MPM) usedin LAHET.11) Calcula-
tionsusingthismodificationto CEM97(seeFig.2din10)) pro-
vide a shift of thecalculatedcurvesin theright direction,but
only slightly improveagreementwith theGSIdata.

A secondmethodof increasingevaporationis to enlarge
the cascadepart of a reaction;we mayeitherenlargethe pa-
rameter

,
or remove it completelyandresortto a cutoff en-

ergy � ����� , asis donein otherINC models.Calculationshave
shown thata reasonableincreaseof

,
doesn’t solve theprob-

lem. However, if we do not use
,

, but insteadusea cutoff
energy of ������� - V MeV for incidentenergiesabovethepion
productionthreshold,thecodeagreeswith theGSIdatasignif-
icantly better(seeFig. 2e in10)). Usingboth theseconditions
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Fig. 3 Comparisonof measured32) doubledifferentialcrosssections
of neutronsfrom 0.8 GeV protonson Pb with CEM2k and
CEM97calculations.

leadsto resultsthatdescribethep +
�����

PbGSIdataverywell.
Wecall thisapproachCEM2k. An exampleof CEM2kresults
for theyield of Tm, Ir, andTl isotopesfrom p +

�J���
Pbinterac-

tionscomparedto theGSI6) andITEP31) dataandwith predic-
tions by CEM95, LAHET-ISABEL, LAHET-Bertini, CAS-
CADE, CASCADE/INPE,INUCL, andYIELDX is shown in
Fig. 2. Similar comparisonsfor moreisotopesmaybe found
in.10,26,31) We find that CEM2k agreesbestwith theseGSI
(andITEP) dataof thecodestestedhereandin.10,26,31)

Findingagoodagreementof CEM2kwith theisotopepro-
duction,we wish to seehow well it describesspectraof sec-
ondaryparticlesin comparisonwith CEM97.Figure 3 shows
examplesof neutronspectrafrom interactionsof protonswith
the sametarget,

�J���
Pb at 0.8 GeV (we do not know of mea-

surementsof spectraat 1 GeV, the energy of the isotope-
productiondata). We seethat CEM2k describesspectraof
secondaryneutronscomparablyto CEM97, even possiblya
little betterat largerangles.Similarresults10) holdfor 1.5GeV
protonson

�J���
Pb.32) So this preliminaryversionof CEM2k,

describesboth the GSI datafrom
�J���

Pb interactionswith p
at 1 GeV/nucleonand the spectraof emittedneutronsfrom
p+
�����

Pbat 0.8and1.5GeVbetterthanits precursorCEM97.
We useCEM2k as fixed from our analysisof the

�����
Pb

data6,7) without furthermodificationsto calculatethe
�
	��

Au9)

and
�����

U8) GSI measurements.An exampleof the yield of
several isotopesfrom

�J	��
Au calculatedby CEM2k is shown

in Fig. 4 togetherwith standardCEM97predictionsandcal-
culationsby LAHET-Bertini andYIELDX codesfrom.9) We
seethat just asin the caseof the

�����
Pb data,CEM2k agrees

bestwith the
�
	��

Au datain thespallationregion comparedto
the othercodestestedhere. Several more resultsfor

�J	��
Au

and
�����

U andtheir detaileddiscussionmaybefoundin.10)

Besidesthechangesto CEM97mentionedabove, we also
madea numberof otherimprovementsandrefinements,such
as imposingmomentum-energy conservation for eachsimu-
lated event (the Monte Carlo algorithm previously usedin
CEM providesmomentum-energy conservationonly statisti-
cally, on theaverage,but not exactly for thecascadestageof
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Fig. 4 Isotopicdistribution of spallationproductsfrom the reactionf M
g Au + p at 800 h MeV from mercuryto hafnium. Open
circles are the GSI data,9) CEM2k (thick solid curves) and
CEM97 (thick dashedcurves) are our presentcalculations,
LAHET-Bertini (thin solidcurves)andYIELDX (thin dashed
curves)arecalculationsfrom.9)

eachevent); using real binding energies for nucleonsat the
cascadestageinsteadof theapproximationof aconstantsepa-
rationenergyof 7 MeV usedin previousversionsof theCEM;
using reducedmassesof particlesin the calculationof their
emissionwidths insteadof usingtheapproximationof no re-
coil usedpreviously. In Figs. 5 and 6 we show that thesere-
finements(which involve no furtherparameterfitting), while
improve slightly the agreementwith the GSI measurements
(andotherdataon mediumandheavy targets),arecrucial for
light targets,especiallywhencalculatingi He andotherfrag-
mentemissionfrom light nuclei. This is especiallyimportant
for applicationsweregasproductionis calculated.

Another improvementimportantfor applicationsis better
representingthetotalreactioncrosssection.Previousversions
of CEM calculatethe total reactioncrosssection, jlk H (just
likemany otherINC-typemodels)usingthegeometricalcross
section, jnm (
��� , and the numberof inelastic, o<k H , andelas-
tic, o (�p , simulatedevents,namely: jlk H - jlm (J�J� oAk H 6G oAk H =o (�pq$ . This approachprovidesa goodagreementwith avail-
abledataat incidentenergiesaboveabout100MeV, but is not
reliableat lower bombardingenergies. To addressthis prob-
lem, we have incorporatedinto CEM2k the NASA system-
aticsby Tripathi et al.34) for all incidentprotonsandneutrons
with energiesabovethemaximumin theNASA reactioncross
sections,andtheKalbachsystematics35) for neutronsof lower
energy. As shown in Fig. 7, wecandescribemuchbetterwith
CEM2k thetotal reactioncrosssections(andcorrespondingly
any other partial crosssections)for n- and p-inducedreac-
tions,especiallyat energiesbelow about100MeV.
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Fig. 5 An exampleof how taking into accountthe real binding en-
ergy of the cascadenucleons,the reducedmassesin calcu-
lating thewidthsof preequilibriumandevaporative particles,
andimposingmomentum-energy conservation for eachcas-
cadeevent in CEM2k affect the yield of Tm, Ir, andTl nu-
clidesfrom p(1GeV)+ Pbreactions;experimentaldata(sym-
bols)arefrom GSImeasurements.6)

III. Further Work

CEM2k is still underdevelopment.For instance,we hope
to betterdescribecomplex-particleandlight-fragmentemis-
sion,aproblemrelatedto thepoorapproximationsfor inverse
crosssectionswestill usein theCEM. We havecompiliedall
experimentaldataandphenomenologicalsystematicson in-
versecrosssectionswe couldfind andhave developeda uni-
versalroutine,HYBRID, which givesinversecrosssections
of nucleons,complex particlesup to i He, aswell asof heav-
ier fragments,basedon.34,35) We alsodevelopedalgorithms
allowing us to usearbitraryapproximationsfor inversecross
sectionswhencalculatingthe widths andkinetic energiesof
emittedparticlesandfragments,anddevelopedaswell a rou-
tine to calculatecoalescenceof complex particlesfrom emit-
ted fastcascadenucleons.We needto work moreon this to
decidewhatshouldbetheheaviestfragmentto beconsidered
asproducedvia evaporationfrom acompoundnucleusformed
in areactionandto fix all parameters.For this,weneedto an-
alyzea lot of moreavailabledatawith CEM2k, especiallyat
lower incidentenergies.

Our work on fissionin CEM is alsonot finished. For in-
stance,we arenot satisfiedwith the situationthat in the im-
provedversionsof theCEM we still have anadditionalinput
parameterto describefissioncrosssections:either Q R , in the
approach14) illustratedin Fig. 1, or E F 6*E H , in our later ver-
sion.4) In addition,currently, CEM hasno modelof fission-
fragmentformation.Therefore,resultsonnuclideyieldsfrom
CEM95,CEM97,or CEM2k shown herereflectonly thecon-
tribution to the total yields of the nuclidesfrom deepspalla-
tion processesof successive emissionof particles,but do not
containfissionproductsor the contributionsto spectrafrom
evaporationfrom them. To be able to describenuclidepro-
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Fig. 6 An exampleof how taking into accounttheeffectsdiscussed
in previousfigureaffect the K�N Si(p,x)~ He excitation function
(gasproduction).Data(circles)arefrom anextendedversion
of ourcompilationof experimentalcrosssections.33)

ductionin thefissionregion,currentlytheCEM hasto besup-
plementedby a modelof fission (e.g., in the transportcode
MCNPX,5) whereCEM97andCEM2kareused,they aresup-
plementedby theRAL fissionmodel38)).

Whenwe completeCEM2k to a reasonablelevel, we plan
to incorporateit into LAHET11) andto replacethepresentver-
sionin MCNPX5) andreplaceCEM95in theMARS codesys-
tem.39)
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